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ABSTRACT

The attenuation of radar signals due to absorptfon by
atmospheric oxygen and water vapor has been calculated
for a surface-based radar as a function of the target range
and elevation angle, for frequencies in the range 1'X' to
10,000 megacycles, empluying the theory of Van Vieck.
The results i ¢ presented in the form of curves that are
especially adaypticd to use in calculating radar maximum
range. Limitations »f the theory, particularly in the assign-
ment of values tn the line-breadth factors and in the detaiis
of the collision-broadening formulas are discussed. It is
concluded that these limitations are not likely %o produce
serious errors. Comparison is made with aitenuation cai-
culutic::s made by others for ray paths through the entire
atmopshere.

PROBLEM STATUS
The work described in this report is a part of a more
comprehensive and continuing project. This is a [inal
report on this phase of the report.
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CURVES OF ATMOSPHERIC- ABSORPTION LOSS
FOHR USE IN RALAR RANGE CALCULATION

INTRODUCTION

To calculate the range of a radar system, or the signal strength at a distant point for
any radto system, it {8 necessary to know the amount of 108s incurrea by absorption in the
propagation medium. If the propagation path is in the earth’s atmonphere, this loss is due
primarily to the oxygen and water-vapor molecules, when there 18 no preripitation.

The theory of radio-wave absorpticn by oxygen and water vapor has been worked out
by Van Vleck (1,2). By means of his cquations the absorption per unit distance may be
calculated as a function of the wavelength, pressure, and temperature. What is needed
for practical radis applications, however, is the total attenuation for a specified propaga-
tion path over which the pressure and temperature may vary.

Calculations have t<ciu made by others at some frequencies and ray angles for attenu-
ation of radio waves through the entire atmosphere. Those of Bean and Abbott (3) are
applicable to scatter-propagation links at the {requencies 100, 300, 3000, 10,000, 22,200,
32,500, and 50,000 megacycles, bul are not directly applicable to radar calculations at
range3 within the atmosphere. Hogg (4) has also calculated ihe absorption through the
entire atmovphere at several elevation angles and at frequencies above 500 megacycice,
but ther - results are also not applicable to radar targets inside the atmosphere.

To determine the attenuation starting with the Van Vieck cquations for each specific
case of radar range calculation would be excessively tedious. The objective of the present
work has peen to make calculaiions for ray paths at a number of elevation angles for
typical atmospheric conditions, assuming one terminal of the path {o be near the greund.
The frequency range of interest is taken to be 100 to 10,000 megacycles. The results are
presented in the form of curves from which the total attenuation may be read directly as
a function of the total path length (range), for a number of elevation angles from zero to
10 degrees, and for a number of frequenci:s within the range of interest. The absorption
at intermediate angles and {requencies may be estimated by interpolation.

The attenuation is given for the radar case uf two-way transit of the specified pat’-.
Hewever, the curves may be used 2180 for one-way propagation by taking half the deci.ei
values shown for the indicated range. These curves are presented as Figs. 1a to 1f. ‘The
text of this report describes the procedure by which these curves were oblained.

A8 workers in the microwave physics field are aware, there is some uncertainty® as
to whether the Van Vleck-Weisskopf collision-broadenirg frrmula is ex2ctly correct at
frequencies far removed from resonance, and whether the pressure dependence of ihe
line vreacth s linear. Questions also exist concerning the correct values of tlie iine-
breadth constants for both oxygen and water vapor (8).

The seeming disregard of these uncertainties in publishing the calculations presented
in this report is based on the {following philosophy. Thal there is 2cme attenuation of
radio waves by the atmosphere is unquestioned. The radio or radar engineer i8 conf{ronted
with the choice of either 1ssuming that the attenuation does not exist, or of making calcula-
tions based on the best information that is available. The present report is simply ar
attempt to do the latter.

See Ref, 2, p. 431, for example, and also Ref, 5,

1
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Some of the possible inaccuracies of the calculations are discussed in the report.
Also, calculations of others in which similar assumptions arc made are ébmpared and,
where comparable, the results are found to be in general agreement (3,4). It is believed
that whatever eriticism may be made on theoretical grounds, the curves presented herein
are undoubtedly a better basis for making radar range calculations than has hithert: been
generaliy available to the engineer. Alsoc, they may scrve as a model for the form in
which improved information ghould be presented for engineering use.

The curves are culculated for a particular condition of the atmosphere, and hence do not
apply exactly to all possible conditions. They are meant to be used for general radar range
calculation, rather than for specific times and places, and for this purpose the acuption of
a particular atmosphere as standard is of course necessary. The absnrption values for
other atmospheric conditions ire, however, not greatly different, especially at the lower
frequencies. Above 3000 mcgacycles, however, the variatioa in water-vapor content of
the atmospnhere may result in appreciable variation of the absorption.

The report of Bean and Abbott (3) provides an excellent indication ot the variability to
be expected. Below 1000 megacycles, the variation shown for widely different atmospheric
conditions is of the order of 0.1 to 0.5 decibels, for a 300-mile scatter-propagation ray
path. From 1000 tv 13,000 megacycles the variation increases gradually to slightly more
than one decibel. The range of atmospheric conditions considered was from those of
Washington, D. C., in August to those of Bisuiarck, N.D., in February. No doubt 2 some-
what greater variabi'ity would be encountered for greater differences in geographic
latitude. :

The work reported here was performed in 1958-59, and was originally presented as
a paper (7) at the URSI-IRE meetings in Washington, D.C., on May 6, 1859. The present
report contains essentially the same information as the original paper except for additional
notes and comments on the probable accuracy and applicability of the results, and com-
parison with rasults calculated by others.

The curves for radar attenuation by the atmosphere were also included in an NRL
Memorandum Report (8), “Interim Report on Basic Pulse-Radar Mazimum-Range Calcu-
lation.” and will be included in a more complete report on this subject that is in
preparation.

THE VAN VLECK THEORY

Absorption of radino waves in the normal atmosphere is due to the magnetic dipole
moment of the oxygen moiecule and the elcctric dipole moment of the water-vapar
molecule. The resonance lines due to quuntum-energy-state trangitions are hrieadened
by the effect of molecular collisions, so that even though the resonances are in the
millimeter-wavelength regicn, some absorption occrrs st frequencies far removed from
resonance. In addition, the oxygen molecule has a nonresonant component of absorption.

Equation for Oxygen Absorption

inhe Van Vieck equation for oxygen in a form essentially the same as used by Bean
and Abbott (3) is
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o = 28.000 70 (1,704 pT71V/2 (23]
s ] -l b — -
2 2 vz . (!.70‘ x w") p‘r’,’3 (&)1]2

[1.704 pT"1/2 (&),)

(v ~ )% ¢ (1,704 x 1072 pT"3/2 (i9),)2

(1,704 pT™12 (Ay,)
. . . 1
(vg * )7 ¢ (1,704 x 10717 pT71/2 (A),)2 m

The symbels are defined as follows:

oxygen absorpiion, decibels per kilometer

)'_\: -
. - wave number, em™! (reciprocal of wavelength, cm)*
1 - resonance wave number for oxygen, 2 cm™!
(*»), - line-breadth constant at sea level for nonresonant part of absorption, cm™
(A+), - line-breadth constant at sea level for resonant part ¢f absorption, cm™!

-
<>
1

atmospheric pressure, millibars
7 - atmospheric temperature, degrees Kelvin.

In Eq. (1), the temperature and pressure dependence of the line breadth is expressed
by the terms in square brackets. Van Vlecx mentions that the pressure dependence is
subject to some uncertainty; it may not be quite linear. However, he deduces that the
linear assumption is the best one to make until or unless experirments indicate a deiiniie
preference for another law.

The first term of the equation gives the nonresonant part of the absorption, while tha
second two give the resonance absorption. The second and third terms are the so-called
structure factor of the collision-brozdened resonance line at v, = 2 cm™ (f= 60,000
megacycles). As Van Vleck points out, at frequencies near resonance, the s~2ond term
predominates, and the third term is often omitted; however, it must be included when
frequencies appreciably removed from resonance are to he considered, as they are here.

*
The wave-number notation employed by spectroscopists sometimes causes confusion,

In some of the literature the symbol v is defined us the frequency. The line-breadih
wave-number constants are~ then designated Av/c¢, where ¢ is the velocity of electro-
magnetic propagation, 3 x 10! e¢m/sec. Here, however, the symbol ¥ denates the wave
number, to which the wavelength A , and the frequency ¢ are related as foliows:

T 1/h = t7e . Hence, of = efie
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The valie: to be used for ¢ ), and ('v), cannot readily be determined theoretically.
Van Vleck eoicluded taat the best choice on the basis of experiments was /.. = 0.02 cm~! .
Bean and Abbott (3}, on the basis oi more recent experiments, adopted the values (7sy, =
0.018 cm~! and (2, = 0.05 cm='. Theze latter valies have been used in the calcuiations
made nere. Subsuvquentiy, however, information from varfous svurces Las indicated that
the value A = 0.0 cin~! is probably still the best choice, and that no distinction should be
madc between (), and (A),. Fortunately, the calculated values of absorption in the
{requency region nz’ interest here depend primarily on the value chosen for(a.),, so that
the rcsults given here do not differ appreciably from those that would be calculated for
M =20,02 em=t, Moreover, the measurements on which the determination of Av is based
are all subject to 2 considerable experimental error, so that there would not be much
justification for revising the calculations. (That is, the results calculated herc do not
differ from thuse that would e caiculated using (Av), = (&v), = 0.02 cm™* by more thas
the experimental error that is inherent in using any value of Av that might be chosen on
the basis of present knowledge.)

The dependence of the absorptinn on the values chosen for (&v), and (£2), i8 quite
complicated, as inspection of the equation shows. The effect of using different values in
the frequency range below 10,000 megacycles is best indicated by the following approxi-
mation, which is derived in Appeadix A:

2 r 1 0.5 (Av),
Yo = U.9091 —— 4. Ju s -
2 1572 (o0

(2)

Ll + 2,008 x 1074 A2 p2 T7! (Av)lij A2 (Lo,

where A is the wavelength ir centimeters ( = 1/2) and 7, is the absorption in decibels

per nautical mife. At X = 3 cm (corresponding to f = 10,600 megacycles, the upper fre-
quency limil o/ ihe rarnge considered), the net eifect of using the values (av); = 0.018

and (&), = 0.05 is about a 1-percent decrease in the value of Yo, at sea level, compared

to using (M), = (&), = 0.02. At the lower frequency limit of 10b megacycles (A = 300 cm),
the only value that has appreciable effect is (av), . At sea level, the effect of using (ov),

= 0.018 rather than 0.02 is to increase the value of y,, about 10 percent at this frequency.
At higher aititudes and higher frequencies the effect is smaller.

Equation (2) was used to calculate the oxygen absorptiion in the rangé 100 to 10,000
megacycles.

Equation for Water-Vapor Absorption

Compared to the oxyger attenuation, the absorption by the water-vapor content of the
air is negligible below 3000 megacycles, and betwzen 3000 and 10,000 megacycles its effect
is minor though not negligible.

The equation for the water-vapor attenuation, a¢ given by Bean and Avbott {3} is

opir? (1.689 x 1072 pT"1/2 (M),)

. . 03
?"20 1.012 x 1 T

(v, - )3+ [1.689 x 1072 pT71/2 (A),]2

f1.522 x 1072 pT71/2 (Z2),] ]

+ ——
(vy + )2 + [1.689 x 1072pT"1/2 (Av),lzj

vpl

13,471 « 1672 {1.689 x 1072 pT™1/3 (an,]) 3
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where the symbols that also appear in Eq. {1) have the same meanings; the addituona’
symbols are defined as follows:

‘w,0 - water-vapor absorption, decibels per kilometer
- water-vapor density, grams per cubic meter

- 0.742 cm™!, wave number corresponding to the water-vapor resonance
ats = 1,35 cm (f= 22,200 megacycles)*

{3y, - line-breadtn constant for the 22,200-megacycle resonance line

(M), - an effective line-br-adth constant for the aggregate effect of resonance
lines above 22,200 megacyveles,

The first two terms of this equa.:on are for the resonance absorptior at 22,200 mega-
cycles (v, = 0.742 cin™!') while the third term is an approximation for the net effect of
numerous higher [requency absorption lines.

Tie line-breadth corstants (Av), and (&v), were estimated to have the vaiue 0.1 cm™!,
by Van Vleck (2). On the basis of more recent measurements it has “een concluded (4)
that the composite effect of the higher {requency lines is beiter represented by using a
value (1), =0.3 cm™ . Straiton and Tolbert have discussed this matter (6} and conclude
thut additional measured values of water - vapor absorption in the miliimeler wave region
are higher than predicted by the Van Vleck~Weissk.pl equation using either of thesc
values of (&v),. The general impression given is that reliable calculation of the water-
vapor absorption is not possible at present.

Fortunately, as previously men {oned, the water-vapor absorption is insignificant
low 3000 megacycles and is only relatively minor factor between 3000 and 10,000
megacycles. Therefore, while this omponent of the total atmospheric absorption should
be taken into account, the exact values of the constants used in the water-vavor equation
do not atfect the total absorption significantly except at low elevation angles above 3000
megacycles.

The calculations resulting in the curves of this report are based on the vaiues (av) 3
and (/»), equal to 0.1 cm™*.

Equation (3) may be written in a miure convenient furm by collecting the commoz
factors, inserting the value », = 0.742 cm™!, writing 1, in place of », and muitiplying by
1.852 to grive the absorption in decibels per nautical mile:

.o = 3-165 x 1076 P2 !
2 -
T3/2 1¢1 - 0.742 \)2 + 2,853 x 1676 A2 p2 T7?
. 1 _ o 3.43'| @
(1 +40.742 )2 + 2,853 x 100 A2 p2 T 1 )2 _]

.'X‘hc best value for this resonance line. according to Van Vleck (2), is a measuremen by
Townes and Merritt giving the valuec X = 1.348) c¢m, from which v = 0.7418.
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OUTLINE OF CALCULATION PROCEDURE

Equations (2) and (4) were used to calculate the curves ¢f Fig. 2, showing absorption
1in decibels per nautical mile as a fun:tion of altitude. The values of pressure, temper-
ature, and water-vapor density used in this calculation are shown in Table 1. The pres-
sure and temperature values are the ten-year averages prior to 1955 for April in
Washington, (. C. The water-vapor values are the ten-year averages prior {o 1945.
These data were notained from B. Ratlner of the U.S. Weather Bureau.

Table 1
Atmosphere Characteristics Used
for Absorption Calculatiuns

Altitude | Pressure Tempgrature Walt;:-s:';po r
(ft) {millibars) (°K) @/m’)
0 1015 285.1 6.18
2,500 927 282.8 1.93
5,000 842 278.5 3.74
10,000 692 270.0 2.01
20,000 450 250.5 - 0.34
30,000 295 227.5 9.05
40,000 183 214.5 <0.01
60,000 68 213.0 -
80,00¢ 26 220.5 -

Figure 2 gives the absorption per unit distance, y, as a function of altitude, h. What
is wanted is the total absorption, A, along a two-way ray path {rom the radar to the target
and return. This total absorption is the integral of v along the ray path. The gecmetry of
the problem is shown by Fig. 3.

The (irst step in solving this problem is to obtain curves for - as a function of the
distanve (or range), R, along a ray path of particular initial elevation angle, 4. This was
done using values of altitude vs range calculated by J. R. Bauer ei al. of the M.I.T. Lincoln
Laboratory (9) for atmospheric characteristics approximately the same as those shown in
Table 1.* The resulting curves are of the type of Figs. 42 and 4b. These curves weore then
integrated to obtain the values of attenuation, 2. rording to the formula

R,
A(Rl:P.k) = 2'[ »(R:€,\) AR S)
0

wherc the factor 2 on the right-and side accounts for the two-way traverse of the propa-
gation path by radar signals.

The iategration was performed numerically, using Simpson’s rule, for each of six _
elevation angies and for each of seven frequencies. Since Simpson’s rul? requires only
the ordinate values at regularly spaced intervals, it was not actually necessary to plot
each of the 42 curves of the type of Figa. 4a and 4b. The final results are plotted in Figs.
1a to 1f. Appendix B contains tabulations of the computed values for the various stens of
the calculations, as wzll as the final results from which Fig. 1 is plotted. Anplication of
these results to radar range calculation is discussed in Appendix C.

'Addi:ional discussion oi the radio-ray range-hecight-angle relationship is co dained in
Ref, 10,
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[4SCUSSION OF RESULTS

At the frequencies and elevation angles where comparison 18 possible, the results
calculated here arc in general agreement with those calculaled by Bean and Abbott (3)
for two-way rransmission through the entire atmosphere, and by Hogg (4) for oue-way
transmission through the entire atmosphere. Hogg’s absorption figures are somewhat
higher than those reported here, increasingly 8o as the frequency is increased. IFre-
sumably, this is due primarily to the differences in values of the constants used in
calculating the water-~vapor absorption. As Table 1 indicates, the value of water-vapor
density at sea level was assumed to be 6.18 grams per cubic meter, while Hogg assumed
a value of 10 grams per cubic meter. Also, Hogg used the value (&), = 0.3 whereas here
the value (&), = 0.1 was used. Both of these differences would cause Hogg's values to
be somewhat higher than those calculated here.

A possible furth~r {actor is Hogg's assumption of a lirear decay of water-vapor
density with altitude, while here a more nearly exponential decay was assumed. Also,
Hegg assumed a ray path based vn linear decay of the refractive index with altituse {the
“4/3-earth’'s curvature” modei}, whereas here Bauer’s negative-exponential model of
refractive index decay (9) was 2esumed. The former model results in a lower-uiiilude
path for a given initial ray angle, hence slightly greater absorption.
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As menticned previously, the choice of (. )4 = 0.3, used by Hogg, ‘= prohably pref-
¢ ahle to the value (s = 0.1 as used here, hut the theoreticai and experimental basis
tor this was not deemed sufficiently firm to justify revising the calculations.

The seu-ievel value of ,, the water-vapor densily, t: an extremely variable quantity,
ranging from less than 3 to above 20 grams per cubic meter (2), depending upon the
scasor and lecality. Therefore, the appropriate value (o use for a purpose such a8 the
present one is a value arbitrarily accepted as standard. There is apparently some agree-
ment {6) on the value 7.5 grams per cubic meter as a standard. However, this differs so
siightiy from the value 6.18 used here (consldering the relatively minor role of the water-
vapor absorption at frequencies below 10,000 megacycles) that recalculation using this
value was not deemed to be worthwhile.

The somewhat surprisirg thir ; about the values calculated is the appreciable absorption
atl frequencies of the order at 3000 inegacycles and below, at low angles. Until rather
recently it has been customary to assume that atmospheric absorption is nezligiblze at these
{requenciee, The stimulus for making the preaent calculations, on which work was begun
several years ago, was primarily the thought that the greater range of modcern radars
might make the absorption significant. But, 18 Fig. 1a shows, the aksorption is signifi-
cant even at moderate ranges, because the greater part of the loss occurs in the part of
the ray path lying in the relatively dense lower atmosphere. The loss does not increace
very greatly with range atter the first 200 miles; in fact, about 50 to 70 percent of it
{depending or the frequency) occurs in the {irst 135 miles. There is practically no addi-
tional absorption when the ray path i8 above 60,000 feet.

Even at 300 megacycles the loss i8 as much as a decibel at zero elevaticn and zbeut
200-mile range, a not-insignificant amount. Admittedly, the accuracy of the calculated
absorption at these low frequencies 18 questionable, but it seems preferable to use these
calculated values in making radar range calculations than to assume that there is no
absorption.

ACKNOWLEDGMENTS

The work reported here was greatly facilitated by the paper (3) of B. R. Bean and
R. Aboott of the Nationa! Bureau of Standards, Boulder Laboratories, and by correspondence
with them. Thanks are extended to John Gibson of the Naval Rzaearch Laboratory for
helpful discussions and for mentioning the existence of the paper by Bean and Abbott. Thx
competent assistance of Prank D. Clarke in performing the laborious computations is
gratefully acknowledged.



10.

REFERENCES
van Vleck, J.H., *The Absorption of Microwavee by Oxygen,” Phys. Rev. 71:413 (1947)

Van Vieck, J.H., “The Absorption of Microwaves by Uncondensed Water Vapor,”
Phys. Rev. 71:425 (1947)

Bean, B.R., and Abbott, R., *Oxygen and Water-Vapor Absorption of Radio Waves in
the Atmosphere,” Review Geofisica Pura E Applicata (Milano) 37:127 (1957)

. Hogg, D.C., “Effective A.tenna Temperatures Due to Oxygen and Water Vapor in the

Atmosphere,” J. Appl. Phys. 30:1417 (1859)

. Van Vleck, J.H., and Weisskopf, V.F., “On the Shape of Collision-Broadened Lines,”

Rev. Mod. Phys. 17:227 (1945)

Straiton, A.W., and Tolbert, C.W., “Anomalies in the Absorption of Radio Waves by
Atmospheric Gasus,” Proc. I.R.E. 48:893 (1960)

. Blake, L.V., “Radar Attenuztion by Atmospheric Oxygen,” Paper presented at URSI-

IRE Meeting of May 6, 1959, Commission 2: Tropospheric Padio Propagation
{(Washington, D.C.)

Blake, L.V., “Intcrim Report on Basic Pulse-Radar Maximum-Range Calc=latfon,*
NRL Memorandum Report 1108, Nov. 1860

Bauer, J.R., Mason, W.C., Wilson, F.A., “Radio Refraction in a Cool Exponential
Atmosphere,” MI.T. Lincoln Laboratory Technical Report 186, Aug. 27, 1958

Bean, B.R., and Thayer, G.D., “Models of the Atmospneric Radio Refractive Index,”
Proc. I.R.E. 47:740 (1959)

12



APPENDIX A

DERIVATION OF AN APPROXIMATION FOR THE
ABSORPTION BY OXYGEN

The approximation to be derived is based on Eq. (1), and is for use at frequencies
below 10,000 megacycles. Equation (1) may be written in the following form, by combining
the numerical constants and the pressure-temperature terms in the numerators, by using
the reciprocal of wavelength (V) in place of the wave number, and by taking v, = 2 cm™*
{no approximation i8 involved thus far)

2 [ (&),

Yo = 0.4909
2 A2 TS/2 Ll/;\z + A2 (A,,)lz
(), . ),
+
(2-1/0)2 + A (&),2 (2 + VA)2 + A2 (&) ,2

where A = 1,704 x 10°° pT"1/2 , Since A = 1 at sea-level temperature and pressure, and
is otherwise less than one, and since (4v),? 18 0.0023 for (&), = 0.05, then A2 (&v),2 i«
of negligible magnitude compared to (2 ¢+ 1/A2) for all values'of A 2 3 cm. Thereldre,
the term A? (Av),2 may be dropped from the denominators of the second two terms of the
equation. The entire expression may thenbe rewritten as follows:

Y. = 0.4909—2= ™ 1
¢, A2 TS/2 {12 + A2 (A”h’.l

(&), 1 + 1
2 2 2 .
x {1 + s [l/k + A (&')1 ] [(2 1) 2+ l/’\)’]}

The quantity

1 1
+
[(2 -1/0)2 (24 x/u?]
may be written

204 + 1T
(4 - 1/A2)2 |

It the approximation (4 : 1/A2) > 4 i8 made this expression is equal to 1/2, with a muxi-
muwn error of about 5 percent, at ». = 3 cm. This results in a maximum ervor in the value

i3
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‘0, Of only about 0.5 percent at » = 8 cm. Alsn, the term A2 (Zo1)2/2.18 negligible

¢ »mp’ared to 1 and may be omitted. The resulting expression is

[}

_ p? (&),
Yo, = 0.4909 — :
1 22 7872 | 102 A2 (2,2

() g / (L),
* 11 ‘———-——-;———- decibels per kilometer
2

._p? (&),
'70 = 0.90¢ ¢ 2 12 1 2
2 TS/2 11+ 2.904 x 1074 p2 A2 T7! (L),

[, . (g 7 (v, .
1 b decibels per nauticsl mile.

222

This is Eq. (2), which inay be used to calculate ¥, with negligible difference from

Eq. (1) in the frequency range below 10,000 megacycles.

* e



The approximation formula for oxygen absorption, Zq. (2), gives the following resulis
at the particular altitudes for which pressure and temperature are given in Tavle 1.

APPENDIX B

SCME DETAILS AND NUMERICAL RESULTS
OF THE CALCULATIONE

Writing the equation in the form

the resultr are:

Quanlities occurring in the water-vapor abecrpticn equation, Eq. (4), have the fol-

Yo, =P(

R ()

1402

0
2,500
5,000

10,000

20,000

30,000

40,000

60,000

80,000

1.227x10"?
1.045x10°*
8.964x10"*
6.539x10~*
3.485x10~*
1.824x107°
8.120x10"*
1.143x10"*
1.532x10-*%

. | o
_A_lm.lde (teet) P ) Q

3.398x10~*
2.858x10"*
2.395x10°*
1.669x10"*
7.945x10"
3.599x10°°
1.468x10°°
2.042x10~°
2.884x10~7

lowing values at these altitudes:

Altitude (feet)* 3.165x10~° | 2.853x10~°
x(ﬁ)’/T /2 )| x p’T"

] 4.184x10~° | 1.931x10~*

2,5 2.818x10~* | 8.67T1x10™*

5,000 1.804x10~* | 7.264x10°°

10,000 6.871x10-* | 5.062x10~*

20,000 5.744x10-* | 2.410x10~*

.As will be secn on the next page, values
above 20,000 feet result in negligidble
water-vapor absorption.

15
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These resulte lcad to the values of 0, and 3, o5 listed in the two tables that follow:
2

({eet)

Altitude

Oxygen Absorption, v, (decibels per nautical mile)

100 Mc

200 Mc

300 Mc

800 Mc

1000 Mc

3000 Mc

10,000 Mc

0
2,500
5,000

10,000
20,000
30,000
40,000
60,000
80,000

3.93x10""
3.87x10™"
3.94x107*
4.05x10""
4.29x10""
4.30x10°"
3.50x10~*
9.68x10~"
1.49x10"°

1.42x1 =
1.41x10™*
1.40x107°
1.38x107?
1.25x107?
1.01x107°
6.11x10™*
1.09x107*
1.52x10"°

2.79x10"°
2.71x10°?
2.64x10°°
2.45x10"°
1.94x70°*
1.34x10™°
7.09x10~*
1.12x107*
1.53x10™"

6.64x107°
6.11x10~°
5.60x10~°
4.60x10"°
2.60x10°°
1.67x10-°
§7.34x107°
1.14x16™*
1.53x10"°

9.4Cx10™*
8.31x10°*
7.37x10?
5.69x10°°
3.25x107?
1.77x10-*
8.02x10~*
1.14x107*
1.53x10°°

1.20x10~*
1.04x10*
8.88x10~*
6.52x10"?
3.51x10°°
1.84x10"?
8.23x107*
1.16x10™*

<

- -3
1.95x12

1.41x10°?
1.20x107*
1.03x107
7.53x107°
4.02x10~"
2.11x10~?
9.38x10~*
1.32x10~"

-5
.70 xi0

Altitude
(feet)

Water-Vapor Absorption, %0 (decibels per nautical mile)

<1000 Mc

1000 Mc

3000 Mc

10,000 M-

0
2,530
5,000

10,000
20,000
>20,000

negligible

3.3x10°*
negligible

3.01x10°*
2.03x10°*
1.30x10"*
4.95x10°°
4.14x10°°
negligible

4.62x10°°

“3.16x107°

2.06x10°°
7.78x10~"
8.55x10"°
negligible

|

The values for y used to plot Fig. 2 are obtained by adding the values !n the preceding

two tables.

The values of ordinates of the »(R: 6,)) curves, of the type of Fig. 4, are given in the

following table:
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,{ qange | Al | Attenuation (db per nautical mile)
(raut mit deet) 400 e | 200 Mc | 300 Mc | 600 Me | 1000 Mc | 3000 Mc [10,000 Mc
t..-u_. L Zera -Degree Ray ~
[ 0]3.95x107* | 1.42x107*| 2.79x10? | 6.84x16"" 19.40x10* | 1.23x10~* | 1.87x10™*
§ 20 346 [3.92x107 [ 1.42x1077 | 2.78x10~* | 6.60x10 "> | 9.20x10 "> | 1.21x10 ™2 |1.82x10"*
.40 1,147 |3.90x10™* [ 1.42x10™" | 2.75x10~> | 6.40x10~" {8.90x10 > | 1.16x1¢ " |1.70x10*
60 2,486 (3.87x107* { 1.41x107° | 2.71x107* | 6.11x10~* | 8.31x10 >} 2 .06x10"* |1.52x10"*
80 4,273 13.90x10"* | 1.40x10 ™" | 2.85x10"* | 5.70x10~ { 7.60x10 ~* | 9.40x10 ™" |1.31a107*
1 100 6,817 |3.98x107* | 1.40x10™* } 2.57x10~* | 5.20x10~* | 6.60x10 " | 8.00x19~* [1.¢7x107?
| 120 | 9.832(4.07x107* | 1.38x107> | 2.46x10~" | 4.60x10~" {5.70x10 " | 6.62x10 ™ |8.40x10~*
160 | 17,629 [4.20x107* | 1.29x107" | 2.08x10°* | 3.25x10~" | 3.75x10 * | 4.05x10 " [4.88x10"
© 200 |27.882]4.39x107*]1.07x10 | 1.49x10"° | 1.90x10™* | 2.03x10~7 | 2.13x 10" | 2.40x10" " :
i 250 |44,320}2.89x10°*|4.29%10"*{4.30x10~*|4.87x10 " |5.30x10 "*!5.41x10"* |6.20%10 "
" 300 | 64,932 [6.00x10"* | 6.65x10"" | 6.90x16~* [ 7.00x10~* [ 7.00x10 ~* | 7.00x10~* [8.15x10™>
Lm 79,348 |1.58x10-*| 1.63x10~*| 1.64x10~* | 1.65x10~* | 1.65x10 "> | 1.67x10~% |1.9 x10~*
{ 0.5-Degree Ray
é o 0]3.93x10-* | 1.42x10°° | 2.79x10"° | 6.64x10~’ |9.40x10™" } 1.23x10~? |1.87x10~*
20 1,408 [3.89x107" | 1.42x10"3 | 2.73x'0™" | 6.35x10"* | 6.70x10~ | 1.13x10~* {1.67x10~"
40 3,276 |3.89x107" | 1.41x107% | 2.70x107° | 5.95x10°> | 7.99x10™* | 1 00x10* |1_43x10~*
60 5,695 |3.95x107* | 1.40x107% | 2,60x10™° | 5.45x10"° | 7.00x10™* | 8.60x10"" j1.17xio""
8¢ 8,680 |4.00x10-* | 1.38x107° | 2.50x10~ | 4.82x10? | 6.05x10~ | 7.16x10" 19.30x1""
100 12,243 |4.15x107* | 1.36x10"* | 2.35x10"> | 4.16x107* |5.02x10™* | 5.70x10~" |7.10x10">
120 | 16,401 14.27x107* | 1.30x10~* | 2.13x10™" | 3.43x10™" | 4.00x10~" | 4.37x19~" |5.30r107
160 26,562 14.40x10"* | 1.11x107° | 1.57x107 | 2.05x10" {2.20x107° 12.33%107* [2.65x102
200 39 278 {3.60x107"* | 8.40x107* | 7.50x10™" | 3.45x10~"* | 8.60x10~* | 8.90x10~* {1.00x10"’
250 | 58,903 |1.06x107* [ 1.20x107* | 1.24x10~" | 1.26x10™* | 1.26x10"" | 1.28x10™* |1.47x10-*
300 82,763 §1.11x107° | 1.20x10"* | 1.20x10~* | 1.20x10~* | 1.20x10* | 1.20x10-* |1.40x10-*
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rn‘,mg,_, Alt. Attenuation (db per nauttcal 'n_l-lc) i
cutmi)] (et g0 me | 200 Me | 300 M | 600 Mc b0 Me ! 3000 Mc {10,000 Mc
- 1-Degree Ray -

0 0 | 3.93x107'{ 1.42x107*| 2.79x10~* | 6.64x10 > | 9.40x10 | 1.23x10~* | 1.87x16~*

20 | 2,470 | 3.88x10~* { 1.41x10~| 2.70x70™* | 6.10x10~* | 6.30x10~* | 1.06x107? | 1.53x107*

40 | 5.405 | 3.95x10-*| 1.40x10~?1 2.61x10"* | 5.50x10"* | 7.15x10 ~*| 8.78x10™" | 1.20x10"*

60 | 8,901 | 4.03x10*|1.38x107%] 2.50x10™* | 4.80x10~ | 8.20x10 ~* | 7.03x10"> | 9.00x10~"

80 |12.982 | 4.17410¢ ] 1.35x107*] 2.30x10™ | 4.00x10" | 4.80x107*] 5.41x10" | 6.70x107"
100 {17,652 | 4.29x10" | 1.29x10-*| 2.08x10"° | 3.25x20 ™% | 3.73x107* | 4.05x107* | 4.90x10”"
120 22,942 | 4.39x10 | 1.16x10-2 | 1.79x107* | 2.50x10* | 2.73x10~* | 2.93x10™ | 3.39x10~°

| 160 [35.412 |4.00x10~" 8.20x10™* | 9.81x10™* | 1.15x10 = | 1.18x10™*| 1.22x107* | 177107’
200 50,502 | 2.06x10°* | 2.55x107* | 2.79x107* | 2.85x10™* | 2.88x10"*| 2.95x10™* | 3.40x10""
240 68,292 | 4.41x10-% | 41.82x10~* | 5.00x10™* | 5.05x10"* | 5.05x10 ~*| 5.05x10"* | 5.85x107> |

2-Degree Ray

0 0 |3.93x167" { 1.42x10~ | 2.79x10™° | 6.64x10™> | 9.40x10~"| 1.23210"*| 1.87x10™*

20 | 4,590 | 3.90x10"* | 1.41x10-*| 2.65x107? | 5.66x10™* | 7.40x10*{ 9.30x10~*| 1.29x10~*

10 | 9,658 |4.05x10~*!1.38x10" 2.46x10-" | 4.65x10™* |5.75x107?| 6.70x10~" ] 8.50x10’

60 [15,312 | 4.24x10~* | 1.32x10~*| 2.19x10~? | 3.60x10°* | 4.25x10~*| 4.68x10~*} 5.70x19~*
|0 jansen 2.28:10- | 1.224107> 1 1.87x16 " [ 2.70x107" | 2.87x107° [ 8.22x10 77 | 3.73x10™"
| 100 128,442 |4.38x107*|1.06x107* | 1.45x107> 11.83x107" | 1.96x107 | 2.05x1077| 2.22730 "
' 120 {35,062 |3.95x107* | 8.00x10°* | 9.50x10"* | 1.10x10™* | 1.13x107* | i.18x107"| 1.32x10
160 |53,982 | 1.57x107% | 1.87x107" | 2.00x10 ™% | 2.05x10"* | 2.06x10~*} 2.15x10 ™" | 2.46x10™"
200 {72,692 | 2.90x10-* | 3.10x107* | 3.20x10~* | 3.20x10™* {3.20x107* | 3.20x10"*| 3.70x10
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‘ Range | Al Anpnuallon‘(dh pe;—n;;l};;l muie)
{raut na)} {ect) T T I —1
o B {GP_M(‘_?(_)BE’_L 300 Mc 600 Mc 1000 M« JS‘JOO M: 110,000 bic

L 5-Degree Ray
0 03.93x107*| 1.47x107*[ 2.79x10* [ 6.64x10"" | 9.40x10~" | 1.23x10~% | 1.87x10 -
10 5,44213.94x10"" | 1.40x" 37| 2.61x10"* | 5.50x10™* | 7.13x10"* | 8.75x107* | 1.20x10 ~*
20 10,942}4.10x10™" | 1.36x107%{ 2.40x10"* | 4.40x10"* | 5.37x10™* { 6.15x10° | 7.75x10 ~*
{30 |16,592 4.27x107 | 1.30x10-| 2.13x107* | 3.41x10" | 4.00x10~° | 4.35%10" | 5.25x10 ~*
40 | 22,392|4.40x107"| i.20x107°] 1.81x107* | 2.57x10™ | 2.80x10~* | 3.01x10™* | 3.50x10 ~*
50 | 78,342]/4.39x107°| 1.07x107*| 1.46x10~>|1.85x107>| 1.99x10"" | 2.08x10"* | z.33x10 ~*
60 | 34,462(4.10:1¢7"! 8.60x107*| 1.45x107* | 1.23x107* | 1.27x10™* | 1.32x10"* | 1.48x10 ~*
80 | 47,172]2.48x107*| 3.40x10~*| 3.80x107* | 3.98x10"* | 4.00x10~* | 4.10x10~* | 4.70x10" *
100 | 60,562!9.20x107°] 1.03x107*| 1.06x10™* | 1.08x10™*| 1.i0x10™" | 1.10xio ™" | 1.26x10 ~*
{120 | 74.612 2.45x10°° | 2.60x10~%] 2.65x10°° } 2.65x107>| 2.65x10~* | 2.65x10~* 3.10x10 % |
- _10-Degree Ray

0 0]3.c3x107*| 1.42¢107*] 2.79x107* [ 6.64x10-°| 9.40x107* [ 1.23x1072| 1.87x10-*
10 | 10,700{4.10x10"*]| 1.27%107* | 2.42x10™° { 4.43x107°| 5.45x10~° | 6.25x107* | 7.90x10~>
20 | 21,450 4.40x107* | 1.18x107" | 1.74x107" | 2.38x107" | 2.57x107° | 2.76x107* | 3.15x10°
30 32,360 {4.20x10"* | 9.40x10™* | 1.19x10~? }1.42x10~*| 1.48x107* | 1.54x107° | 1.73x10™°
40 ]43,430{3.05x10"*| 4.60x10"* | 5.25x10™* {5.65x10™*| 5.75x107* | 5.90x10™* | 6.70x10™*
60 | 66,050]5.48x10™%{ 6.00x107° | 6.20x10~* | 5.25x10~*| 6.25x10~* | 6.30x10~* | 7.30x10""
| 80 |89,340|5.60x107"| 5.95x10"" | 6.20x107° | 6.20x10~° | 6.20x107* | 6.20x10~* [ 7.20x107* |
S - -
30-Degree Ray '
0 0]3.93x107* | 1.42x107* | 2.79x10™° [ 6.64x10-* | 8.40x107> [ 1.23x107% | 1.87x107 |
| 5 15,230 [4.22x10°* | 1.32x107 | 2.20x10™° | 3.62x107 | 4.28x107> | 4.72x10"* | 5.77x10™*
10 130,512(4.30x10"" | 1.00x10™* | 1.31x10"* | 1.61x107? | 1.70x10™* | 1.77x16™* | 2 x10™®
20 |61,062;2.3 x107719.9 x10~% | 1.00x10™"* | 1.02x10"* | 1.02x10™* { 1.03x16"" | 1.2 x10~*
{30 181,74214.5 x107° [ 4.5 x107° | 4.5 x10™* |4.8 x207°| 4.8 x107*} 4.8 x107*[5.5 x12™* |
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The values obtained by Simpson’s flule integration of the » (R:#,5) functions, using

the vrdinute values in the preceding tables, are as follows (these arc the values used in
plotting Fipa. 1)

Range , Two-Way Attenvation (de.it-c!s)
{naut mi) C

100 Mc| 200 Mc | 300 *ic| 600 mc| 1000 Mc| 3000 Mc| 10,600 Mc
Zero-Degree Ray

20 - . - - - - 0.74
40 0.03 0.31 0.22 0.53 0.73 0.96 1.45
60 - - - - - - 2.09
B0 0.08 0.23 0.44 1.01 1.40 1.81 2.38
130 - - - - - - | 3.13
120 0.09 0.34 0.84 1.43 .93 2.45 -
140 - - - - - - 3.81
200 0.16 0.54 0.97 1.95 2.53 3.10 4.32
300 0.22 0.83 1.08 2.04 2.67 2.26 4.49

0.5-Degree Ray

40 0.031 | ©.11 0.22 | o0.51 0.70 0.90 1.33
80 0.063 | 0.23 0.43 0.94 1.26 1.59 2.27
120 0.086 { 0.33 | 0.61 1.27 1.66 2.05 2.84
200 0.16 | 0.50 | 0.86 1.61 2.02 2.44 3.29
300 0.17 | o0.54 0.90 1.65 2.07 2.48 3.35
1.0- Degree Ray

40 003 | o0.11 0.22 | 0.49 0.66 0.85 123 |

89 0.06 | 0.22 0.41 0.87 1.14 1.41 1.95
126 0.16 | 0.33 0.58 1.13 1.44 1.74 2.35
200 0.16 | 0.45 0.74 1.33 1.65 1.95 2.60
250 0.17 | 0.46 | 0.75 - - - 2.61
30¢ - - - - 168 | - -

2-Degree Ray

40 0.031 | o.11 0.21 0.45 0.60 0.75 1.0%

80 0.085 | 0.22 | 0.39 | 0.74 0.94 118 1.52
120 0.100 | 0.30 | 0.50 0.89 1.10 i.30 1.1
200 0.128 | 0.34 | 0.55 0.94 : 1.35 1.77

{Tablr Cortinues)
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Table (continued)

Range Two-Way Attenuation (decibels)
(naut m1) | 160 pc | 200 Mo | 300 Mc | 800 Mc | 1000 Me | 3000 Mc | 10,000 5sc
- 5-Degree Ray -
20 | 0016 | 006 [ 010 [0.22 0,20 | 0.36 0.50
40 0.033 | 0.11 | 0.19 0.36 0.45 0.53 0.71
60 0.050 | 015 | 0.25 |o0.43 053 | 0.62 0.81
100 0.07 | 0.19 ' 0.2¢3 | 0.47 0.57 0.659 0.87
110 0.073 | 0.193 | 0.286 | 0.473 | 0.573 | o0.662 0.873
[ 10-Degree Ray
20 0.016 | 0.05 | 0.09 |o0.8 0.23 0.27 0.36
40 0.033 | v.09 | 0.14 |o0.24 0.29 0.33 0.43
|80 0.040 | 0.10 | 0.15 |o0.28 0.30 0.34 0.44
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APPENDIX C
Ar: (JCATION TO RADAR RANGE CALCULATION

e monostatic single-antenna radar equation wriiten in terms of received signal

power is
{P' G o 42 F‘]
P - - ————————————
ek KL

where the symbols are defined as follows:

P, - received signal power
Foo- transi:itted power
G - one-way urnlvuna gain

1]

target cross section

Vad

>
[}

wavclength

L loss factor (power ratio)

F - pattern-propagation factor

R - target range

L - constant depending on system of units ( =1/ (4n)? for consistent units).

The loas factor, L, has values equal to or greater than 1, and may be considcred as
the product of a aystem loss factor and atmospheric attenuation loss, where the svstem
loss is that dve to transmission line loss and the like; thus,

L= L: x 3160-1A

where A is the tutal atmospheric attenuation in decibels. Since A is a function of tne raage,
R, of the target, the radar equation includiiy¢ the loss A cannot he solved directly for the
range.

Two approaches to the problem are possible. If A ‘s relatively small, say one decibel
or less, the range may be calcuiated as if there were no atmospheric attenuation (A = 0).
Then the atmospheric attenuaticn may be found for this valuc of range, from the apprupriate
graph of Figs. 1. This decibel figure may then be converted into.2 range ratio, and applied
t0 the caiculated range as 2 reduction factor. A convenient table of range ratios corre-
sponding to decibel gains and loises is given in Table C1. The reduced range thus ob’ained
will not be rigorously correct, because the atmospheric attenuation assumed was for a

greater range than the true range, but the error will be negligible for zttenuation of the
order «f a decibel or lesa.

22
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Il the altenuation 18 great enough (o cause substantial errcr with the foregoing ruethod,
ar aterative procedure may be emploved to arrive at a more accurate range figure. The
{irst step 48 to praceed as outlined abnve. After the correctled range is Jound, the attenu-
ation corresponding to thig new range figure {8 determined (using Figs. 1). If this (fgure
diffcrs substantially from the initial attencation, a second correction is made o the range;
this time !t is fncreased by a range factor correspording to the differencs between the
mitia) attenuation figure and the corcected figure. I« princinle, this in turn generates 2
thirg attenuation igure slightlv larger then the second, and a third range correct;on may
e made, a reduction correapanding to the decibel difference between the second and tinrd
attenuation figures. This process could in principle be conlinued indefinitely and the suc-
cessive range figures obtawmed will converge to the correct value. In practice, one or two
such corrections will be sufficient.

If very large attenuations occur, as they might ot frequencies much higher than those
~onsidered here, a direct one-step graphical solution for the range may be empioyed. On
tne appropriate graph similar to Figs. 1, a plot may be made of the variation of received
signal power with range according to the equation given at the beginning of this appendix.
1f F docs not vary with range, this will simply be a curve of the fcem

P, (decikals) = 40 (loggq R) ¢ C.

The constant C 1s chusen so that this curve crosses tne zero-decibel level at the range
calculated for no atmospheric attenuation. The range 2t which this curve intersects the
appropriate atmospheric attenvation curve i8 the solution of the range cauation inclediag
the atm-spheric altenuation.

Such a curve may be plotted readily with the assistance oi the radar range factors
given in Table Cl. The procedure would be to determine the detectinn range R,, with no
atmospheric atlenuation, in the usual way. A point is plotted at this range on the zero-
decibel line of the appropriate graph, Figs. 1. On the one-decibel line, the point is pliotted
2t range 0.9441 R,, the appropriate range tactor being found in the third column of the
table; on the two-decibel line, the point is plotted at 0.8913 R,; etc.

A quick method of making such calculations may be set up by plotting the attenuation
curves on lin-log graph paper, with the range represented on the log scale. The curve of
received power, in dccibels, as a function of the range, is then simply 2 straight iine of
slope -4. This may be plotted to the correct scale on a transparent overlay which ca» be
positioned to cross the zero-decibel level at the no-attenuation range, and the intersciuon
witn the attenuation curve may then be read off directly.
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Tavle CI
Ragur Range Factors lor Bystem Pover Casnge
from 0 12 40 Deribela (In Sieps of 0.1 Decibel}

The lable 1n i*, sl +d Inr une wilh 30 equition of the type
fp,0% r']' t . .
l-tl——r'L——J kP te.Ra?¥P

where R 1~ the radar range aid P may be regarded & 3a equivalent syntem
power variibie. The table 1s based on the relation:

R/K, + antilog [“0 (1010g wr,)]

where W/N, is the range faclor, ang §0 log r/r“n- the sover change indeci-
Sels. Py in tramamilier power. G antennd gain, » waveiongih. o Larget cromn
section, L loss factor. ¥ piltern-propagaiim (scior, snd P, seceived echo

power.

Range faclors fur power changen greater thaa 40 oh can Lo sAsiaed Irom
Ity table by the following rrocedure: (1) Subtracy [rom tiw sbuolute ralue of
the powrr change I8 b thr intcgral mulliple of 40 which resuily. (4 2 DOriiive
remsinder lenn Rd 40, (2) Lovk up the range 13rior rurtesponding & the
rem.inder; (3} SaUt the decimal pulnt une ace 194 e3r, 40 @b »ubira, led. (Ul
TORge Increase . shill Y0 S right. for decrease shit (o the lefl. For exsmple,
e ~ange increane for 4 power chinge of 47,3 4b i 15,22, and fur 87.2 4t 4n
132.2. becsuss for 7.3 ob i 4u 1.522, The drcresss focty for 47.3 & s
0.08569. and for 07.7 11 1s 0.008589. etc.

r~ ~—
Power vwe: | Range Renge T Puwer | Ronge Range Power
Change. Change.| lucrease |Decreane Change. | Increare Pocrease Change,
Decibels) cibels] Pactor { Faclor Decibeta{ Pactor | Factor Dee tbe io
t ' ' [Decimail| ’
0.0 an T4 3%.0 10.0 1770 $¢23 ! 30.0 15,0
0.1 S 7438] 3.0 (1 3) 1 189 S0 | 20
0.1 52 1413 34 10.2 1798 S | 200
0.3 1.3 TIN] T 103 1 809 $521 | 2.7
0.4 4 7328} Ji0 10.4 (X 11} 3498 [ 200
0.3 $.5 12061 43 105 | 830 $484 ) 23,8
0.6 ER ) T34 4 106 1843 3435 ] 204
0.7 .7 T203] 342 w.7 X1} 3401 | 293
0.8 s 1 182] 4.2 10.3 1082 3370 ) .2
'R ] 5.9 7120 J4 10.9 1873 S340 | 299
1.9 [X] 70801 .0 1.0 1884 $300 | 20.0
1t 6.1 7038 1.0 n.y 1 895 $218 1 23y
1.2 .2 eamsl N 11.2 1 905 3248 7 288
1.3 s ¢ 958] 3.7 1ni 1 916 $218 | 28.7
1.4 [(X] [} ] s 114 1028 Sies | 203
.8 (X ] 1] 338 " i 939 138 | 20.5
1.6 LX) [N I IR 1.6 19% 3120 | 204
1.9 6.7 8000] V) .7 19 Svee { 382
1.0 LX) ¢ 81| 3.2 1n.e 1972 3070 | 30.2
[ 6.9 6 722) 334 Le e84 son | 301
1.0 14 403! 3.0 120 19 $012 ) 300 .
11 1.1 ae4sl 3190 121 2 4903 .9 3
1.2 1.1 ¢ 607| 32.9 12.2 2018 4054 1% 2
13 7.4 6 39| 31.7 123 2030 1924 | 277 u
14 14 ¢ 3%1 Jas 124 2042 4498 278 ns
1 1.5 Sam] V& 12,8 2084 4070 | 118 73
2.6 7.8 64537} 32 1.6 204, 4042 ] 27.4 2.4
1.1 1.3 b 420] 1. 12.1 2o 4814 | 273 2770 3610 |19
28 1.8 s3] 311 12.8 2080 4700 | 27.2 21708 3589 | 227
2 1.9 38} 320 .. 23101 480 | 270 2 002 Sy |23
3.0 [ X ¢ Mot 320 110 i3 4131 {110 b 1) 398|220
31 L X 8273 319 13.1 2120 4704 | 289 1.
LR 1.2 ¢ 7] e 13.2 218 4077 | 268 .8
b E) .3 A 2021 a1.7 133 115 4650 | 20.7 .
2.4 X ] [ X 6168 3164 13.4 3183 4034 | 208
25 .5 5 6§11 38 13.§ 2173 45971 [ 285
3.0 4 .6 Co9y, Jié 13.8 2184 41371 [ 28.4
3.7 .3 a7 08t} ) .7 T 200 €343 | 26}
3.0 .2 &8 6 028 2 138 3213 4519 12602
3.9 B 8.9 soet| L1 13.0 3¢ 4493 {281
40 s43] seo 8.0 ses7] 410 4o | 223 401 )20
41 It X} 9.1 $973] 309 14 32252 4441 | 259
4.2 [13) .8 4.2 5988] 3.0 4.2 328 4438 | 283
4.3 07 1 2.3 8955 M7 1.3 2110 4300 | 25.7
4“4 149 . .4 seal soe e | 2 a3 | 250
XY ne k3 0.5 s18| 308 s | 2304 4360 | 288
4.4 (31} 4 0 5754] 304 e 1311 4313 {254
1.1 30 3 .7 71 WD 14.7 1 42% |13
[ sag ‘2 [X] sSeen| 302 4.8 2344 ~300 283
l 13 * 442 A [ 2] $6%8| . LR ] 235 4241 | 231
! — Ly -
(mal Decimsi tama|
Point . .
Renge ~cibel Range Nenre el
lacrenne | PLwer Pocrease (lacresse | Power
Factor | Factor | Crange Factor |Chengr Paclor Pactor | Change
LI N
ay Y. .
L A L



